A key aspect of ground-shaking map calculation is represented by ground-motion predictive equations (GMPEs). In fact, ground-shaking maps obtained soon after an earthquake are calculated by integrating observed data and ground-motion estimates from GMPEs for those areas not covered by seismic stations. Empirical ground-motion models that are used to obtain these estimates refer primarily to strong ground-motion due to large earthquakes and cannot be properly used to estimate the effects of small magnitude seismic events. In this paper we calibrated GMPEs for low-magnitude earthquakes from data recorded at the seismographic stations of the Irpinia Seismic Network, in the Campania-Lucania region, Southern Italy. In particular, the available dataset is formed by peak ground acceleration (PGA) and velocity (PGV) parameters coming from 123 earthquakes (local magnitudes ranging between 1.5 and 3.2) recorded at 21 stations of the ISNet network at hypocentral distances from 3 km to about 100 km. The total number of peaks measurements is 875. This study is part of a research project, in collaboration with the Italian Department of Civil Protection and National Institute of Geophysics and Volcanology, aimed at producing ground-motion shaking maps.
Introduction
Implementation of codes aimed at calculating ground-shaking maps, in the last few years, has increasingly attracted a large number of regions worldwide and Italy as well (e.g., Michelini et al 2008 . Ground-motion shaking maps are calculated by integrating real data recorded at stations belonging to a given seismic network and predictive estimates for those areas not covered by the network (Wald et al 1999 . The technique used to obtain ground-motion estimates at sites not covered by seismic network depends on the time-scale of interest. When near-real time is of interest, for example for Civil Protection purposes, estimates are obtained from groundmotion predictive equations (hereinafter, GMPEs). 3 Author to whom any correspondence should be addressed.
The GMPEs are empirical equations that provide strong ground-motion parameters, given the earthquake magnitude and the source-to-site distance. As a consequence, the reliability of the ground-motion shaking maps depends on the selected GMPE and on the available dataset used to retrieve its coefficients: the more representative the dataset is (e.g., in terms of magnitude values, source-to-site distances, site conditions, and so on) the more reliable the estimates will be. In this respect, a further aspect to account could be the fact that estimates obtained by using the GMPE models retrieved on a given dataset collected in a particular tectonic area should not be used in a different tectonic area. This is particularly important for low-magnitude earthquakes for which attenuation effects, related to the tectonic area of interest, can be predominant with respect to the source effects (Douglas 2007 ).
Additionally, GMPEs play an important role both in seismic hazard analysis and in the earthquake early-warning applications. In both cases, even if within different timescales, estimates of the effect of the occurrence of earthquakes in a given magnitude range are required. Those estimates correspond, for example, to peak ground-motion parameters and associated probability density functions.
Nowadays, empirical ground-motion models used to compute ground-shaking maps or to perform seismic hazard analyses refer to strong ground-motion produced by moderateto-large earthquakes. Just to cite some examples, Abrahamson and Silva (1997) used a database starting at magnitude 4.4, Akkar and Bommer (2007) have a lower magnitude limit of 5.5, and Boore and Atkinson (2008) have a lower limit of 5.0. As a consequence, they cannot be properly used to predict ground-motion associated with low-magnitude earthquakes. On the other hand, frequent, shallow lowmagnitude earthquakes have an important influence in seismic hazard analysis, particularly at intermediate and long return periods for which the effect of a large frequency of occurrence may be more important than the effect of the occurrence of a single large earthquake (Reiter 1990) . Those considerations entail the importance of retrieving and/or refining the GMPEs for low-magnitude seismic events.
The motivation of this paper relies on the collaboration with the Italian Department of Civil Protection (DPC) and National Institute of Geophysics and Volcanology (INGV) in the framework of the research project S3 of agreement 2007-2009 between DPC and INGV. This project aims at providing tools for computing ground-shaking maps for the whole Italian peninsula, thus requiring regional GMPEs for both low and moderate-to-large earthquakes.
Following the analogous studies performed by Frisenda et al (2005) for the Lunigiana-Garfagnana region (Central Italy) and Massa et al (2007) for Central-Northern Italy, the aim of this paper is the estimation of a GMPE for lowmagnitude earthquakes in the Campania-Lucania region, in Southern Italy, to be used for ground-shaking map calculation. In particular, our modelling concerned the peak ground acceleration (PGA) and velocity (PGV) and, due to their use in the ground-shaking map framework, the results will refer to rock-site conditions.
A two-step procedure has been applied to retrieve the best GMPE. First of all, the available data, consisting of PGAs and PGVs measured from waveforms corresponding to 123 earthquakes recorded in the area of interest, are arranged in bins, both with respect to the magnitude and to the distance. PGAs and PGVs are then reduced to rocksite conditions following the same procedure implemented in the codes used for ground-shaking map computation. In practice, these codes use corrective coefficients for peak parameters, based on geological maps obtained by grouping the main geological formation outcropping in the area of interest (Wald et al 1999 . With the same aim, we adopted the geological macro-zoning of the Campania-Lucania region (Southern Italy) obtained by Cantore (2008) and Cantore et al (2010) who grouped the main geological units according to the Quaternary-VolcanicTertiary-Mesozoic (QVTM) classification, and also assigned a site-specific coefficient to each class. These coefficients have been used for correcting the peak ground-motion quantities. The available PGAs and PGVs, reduced in this way to rock site, are then used to retrieve a reference GMPE.
In the next step, we computed, for each site in which data are available, the residual distribution between observed and predicted ground-motion parameters, the latter obtained by using the reference GMPE. Then, we performed a Ztest, with a 5% significance level, in order to discriminate those sites characterized by the residual distribution having a mean significantly different from zero, thus indicating a station effect that cannot be exhaustively accounted for by using the corrective coefficients. Based on the Z-test results, we associated a dummy variable s with each site, whose value is 1 if the mean residual value is significantly different from zero and positive, −1 if the mean is significantly different from zero and negative, 0 otherwise. Station-effect can play an important role in the ground-shaking map calculation. This is the case, for example, of the ShakeMap R code that uses a corrective coefficient, named bias, which is based on the residuals between observed and estimated data. The bias correction aims at reducing errors related, for instance, to the magnitude and location of the specific earthquake under study (Wald et al 1999) .
The GMPEs obtained in this study have been finally compared with the two models for low-magnitude earthquakes available for Italian regions, specifically the Frisenda et al (2005) and the Massa et al (2007) models, even if they have been retrieved in tectonic contexts different form the area we have analysed. The results of the comparison have shown that, at least for the low-magnitude earthquakes considered in this study, the tectonic regime can influence the peak groundmotion attenuation.
Dataset description and data processing
The data used in this paper have been collected by the stations belonging to the Irpinia Seismic Network (ISNet) in the last 5 years, starting from the network activation in September 2005. ISNet is a high dynamic-range, dense, seismographic network that has been deployed in Southern Italy, along the Campania-Lucania Apennines (Weber et al 2007 , where large historical earthquakes occurred in the past ( figure 1(a) ). The network covers an area of about 100 km × 70 km ( figure 1(b) ), with the aim of monitoring the active seismic faults system that generated the last destructive 1980, M S 6.9, Irpinia earthquake (Bernard and Zollo 1989) . ISNet has also been designed to be the backbone infrastructure for a regional earthquake early-warning system (EEWS, e.g., Allen and Kanamori 2003) that, at present, is under development .
ISNet network is currently composed of 29 seismic stations and five local control centers that act as data storage and processing sites. All of the stations (black triangles in figure 1(b) ) are equipped with a three-component accelerometer (Güralp CMG-5T) and a three-component velocimeter (Geotech S-13J) having a natural period of 1 s, thus ensuring a high-dynamic recording range. Five stations feature a broad-band velocimeter (Nanometrics Trillium, 0.025-50 Hz) to record both regional and teleseismic events. Concerning the accelerometers, the full recording dynamic range is set at ±1 g (g being the gravity acceleration) and their sensitivity is sufficient to record M1.5-2.0 events also at hypocentral distances larger than 40 km. The data-loggers are the Osiris-6 produced by Agecodagis Sarl. The recent seismicity recorded at ISNet stations is represented as stars in figure 1(b) . The largest part of the seismicity is located along the Apenninic belt chain and around the area containing the seismogenic structure responsible for the 23 November 1980, M S 6.9 earthquake, that was the last large earthquake in the area. The 1980 earthquake was generated by the activation of three distinct normal-fault segments in a very short time span. The traces of these three segments are represented in figure 1(a) as black thick lines.
For building our database, we excluded both seismic events located outside the area of interest (enclosed by the dashed lines in figure 1 ) and earthquakes characterized by a local magnitude lower than 1.5. Ultimately, we have selected, for this study, 123 earthquakes whose epicenters are identified as black stars in figure 1(b) .
Some automatic procedures implemented at the Network Control Center in Naples are able to identify a seismic event at the ISNet stations and to localize it . In any case, all the events are then manually re-localized and a local magnitude value M L is assigned to them according to the magnitude scale calibrated for Southern Italy and proposed by Bobbio et al (2009) . Moreover, hypocentral coordinates and local magnitude provided by INGV are assigned to those earthquakes whose location is external to the network. Bobbio et al (2009) demonstrated, in any case, that their local magnitude scale and the INGV local magnitude scale do not differ substantially and then they can be used in the same dataset without introducing any bias related to different formulations.
The dataset used for retrieving the GMPEs for the area of interest is formed by peak values (PGAs and PGVs) measured from seismograms corresponding to selected earthquakes. We defined the peak ground-motion acceleration as the larger value between the two horizontal components of the accelerograms recorded by CMG-40T sensors. It should be noted that some authors (e.g., Beyer and Bommer 2006) measure the peak value from the geometric mean of the horizontal components of ground-motion, in order to account for possible sensor mis-orientation that could affect the measure. Preliminary analyses have shown that, for the dataset used in this study, our definition of peak ground-motion does not significantly differ from that based on the geometrical mean.
Preliminarily, all the records have been processed applying a de-trending and band-pass filtering, in the range 0.075-20 Hz, by a four-pole Butterworth filter. PGA values are measured from acceleration records having a signal-tonoise ratio greater than 5 and within a time window which includes 5% to 95% of the total energy (Trifunac and Brady 1975) . Figure 2 shows the scatter plot for the PGA dataset used to calibrate the ground-motion predictive equation. The local magnitude of the 123 selected earthquakes ranges between 1.5 and 3.2, while the hypocentral distance is in the range 3-100 km. The total number of available acceleration peaks is 875. Note that, despite the relatively short period of activity of ISNet, there is quite a uniform coverage with respect to the selected magnitude and hypocentral distance ranges.
The procedure for measuring PGVs is just a little different. In fact, the accelerograms used for obtaining the PGAs are integrated in the time domain and band-pass filtered in the frequency range 0.5-25 Hz before performing the measure. We did not use the peak values obtained directly from velocity records because the dataset is not homogeneous in time because the velocimeters installation and calibration is more recent than the accelerometers. The scatter plot for PGV is completely analogous to that for PGA shown in figure 2 .
As an example, we report in table A1 in the appendix some PGA and PGV values, relating to some selected earthquakes, that are representative of the whole available database.
Geological macrozonation of the Campania-Lucania region
In order to retrieve a GMPE to be used for ground-shaking map calculation, all the data have to be first reduced to rock site. The procedure used in this study to that aim is completely equivalent to that proposed by Wald et al (1999) . In particular, local site amplification effects on ground-shaking maps are accounted for by using empirical corrective coefficients whose values depend on both the soil lithology and the amplitude and frequency content of the input ground-motion. The amplification effects of near-surface geological layers critically depend on the shear-wave velocity and the thickness of the layers (e.g., Borcherdt 1970 , 1994 , Joyner and Fumal 1985 .
In this paper we use the classification proposed by Cantore (2008) and Cantore et al (2010) . Following the approach proposed by Park and Elrick (1998) , the classification was obtained by grouping the main geological units present in the area of interest into four macro-classes described by units having similar ages. Those macro-classes are considered representative of alluvium (Quaternary, Q), volcanic rock (Tertiary-Volcanic, T-V), soft rock (Tertiary, T) and hard-rock (Mesozoic, M). The four classes have been overlapped on the 1:250 000 scale regional map tracing only the geologic contacts separating units belonging to different categories. Then, based on a set of available geotechnical soundings, borehole measurements and surface geology, a range of shearwave velocities for the near-surface layer (V S,30 ) were assigned to each defined class. Table 1 The map reporting this classification for the CampaniaLucania region is indicated as a 'QVTM map' and is shown in figure 3 . Table 2 lists the corrective coefficients obtained by Cantore (2008) and Cantore et al (2010) for the PGA and PGV estimates at a rock site for the two main geology classes of interest in this study, i.e. M and T classes.
Ground-motion predictive equations for PGA and PGV
GMPEs have been retrieved by using a two-step procedure which aims first at finding the best model for the rock-site condition, and then at discriminating the stations which present deviations with respect to this model, thus indicating the presence of a station effect. Station effect accounts for all those effects that cannot be taken accurately into account by the corrective coefficients corresponding to the QVTM map, such as topography or specific site effects related to the first layers below the station and also not accounted for by the GMPE model.
As mentioned above, in this study we used PGA and PGV data from ground acceleration recorded at 21 stations belonging to the ISNet network. It should be noted that some stations that are present in the actual ISNet configuration have been recently installed and are still under calibration. For this reason, we limited our analyses to data coming from only 21 stations.
In the first step, the QVTM map shown in figure 3 is used to identify the site class on which each station is located. The stations of the ISNet network that have been considered in this study are predominantly located on two geological classes: thirteen stations are placed on Mesozioc soil while eight stations are on Tertiary soil. The corrective coefficients provided by Cantore (2008) and Cantore et al (2010) for these two soil classes are given in table 2 as a function of the frequency. These coefficients are used to reduce both PGAs and PGVs to rock-site condition.
In particular, for both the geological classes, PGA values were corrected by using the coefficients relative to the 10-20 Hz frequency band while the coefficients relating to the 5-10 Hz frequency band were used to correct PGVs. The frequency bands we selected for correcting the peak values correspond to the frequency ranges where the horizontal-tovertical spectral ratios, computed on the S-waves window from earthquake waveforms recorded at ISNet stations, show amplification significantly different from unity (Cantore 2008) .
The data reduced to rock site as described above have been used to retrieve a reference GMPE. The station effect has been then identified analysing the distributions of residuals with respect to the reference model for each station. Once the residuals distributions were available, we performed a Z-test at a 5% significance level to test the null-hypothesis 'mean value of residuals equal to zero'. In this way, it is possible to assign a dummy variable s to each station, whose value depends on the result of the test and on the mean value of residuals. Finally, a new GMPE characterized by this additional parameter is retrieved.
Reference ground-motion model
We start selecting for the GMPEs the classical formulation given by
where Y is the ground-motion parameter to be predicted, f 1 (M) is a function of the magnitude and f 2 (R) is a function of the distance. In particular, in this study we assume that PGAs and PGVs are expressed in m s −2 and m s −1 , respectively. Moreover, M represents the local magnitude while R is the hypocentral distance in km.
Because the distribution of Y values is well approximated by a log-normal distribution (Reiter 1990 ), we set in equation (1) 
We tested different functional forms for the functions f 1 (M) and f 2 (R) in equation (1). The function f 1 (M), depending on the magnitude, was initially formulated according to the model used by Bragato and Slejko (2005) and Frisenda et al (2005) given by
This equation accounts for the expected increasing of Y with the increasing of magnitude but, differently from many other models, contains a quadratic term that is introduced by some authors (e.g., Akkar and Bommer 2007 ) that dominates at large magnitude values. After some preliminary analyses performed on our dataset, we found that the coefficient b in equation (2) was not statistically different from zero. As a consequence, we removed the quadratic term from the function f 1 (M), keeping only the linear dependence on the magnitude.
To investigate the attenuation due to geometrical spreading and the anelastic attenuation, the f 2 (R) function was first formulated as where the two terms account for the geometrical and anelastic attenuation, respectively. Our preliminary analyses on the available dataset provided a value for the c coefficient very close to zero. This means that peak ground-motion values are mainly affected by the geometrical spreading rather than by the anelastic attenuation. As a consequence, we removed the term related to anelastic attenuation from equation (3).
To summarize, the model we used for performing the regression analysis of the available dataset aimed at retrieving the reference GMPEs is given by
where Y corresponds either to PGA (measured in m s
) or to PGV (measured in m s −1 ), M is the local magnitude, R is the hypocentral distance (expressed in km) and σ logY is the standard error associated with the random variable logY.
The coefficients inferred for the reference GMPEs along with the standard deviations are provided in table 3.
Residuals analysis and station corrections
As said before, in order to identify possible station effects which cannot be adequately taken into account by the corrective coefficients associated with the QVTM map, we analysed the residuals, for both PGA and PGV, with respect to the reference GMPEs. We define the residuals (RES) as
where Y obs and Y pred represent the observed and predicted peak ground-motion values, respectively, the predicted values being estimated through the reference GMPE (equation (4)) with the appropriate coefficient given in table 3.
The residuals distributions at each station are shown in figures 4 and 5 for PGA and PGV, respectively. It is worthwhile to note that the offset of the residuals distribution is small compared with the dispersion of the overall distribution suggesting that, although a station effect was present, its contribution to the total sigma is modest, in agreement with the findings of Atkinson (2006) .
In order to quantify the presence or not of station effects, we performed a Z-test, at 5% significance level, to test the null hypothesis of zero mean distribution. The stations LIO3 and SFL3 were excluded from the test because of their limited number of available data (less than 30). Concerning PGA, the residuals analysis allowed us to identify the stations CGG3, CMP3, COL3, PST3, RSF3, TE03 and VDP3 as not affected by a relevant station effect. On the other hand, when the PGV parameter is considered, all the stations seem to be affected by the station effect.
We introduced, in the predictive equation model, a dummy variable named s, which assumes a value of −1, 0 or 1 according to the sign of the mean residuals (significantly negative, zero, or significantly positive, respectively). Table 4 summarizes the results from the residuals analysis for all the stations for both PGA and PGV. The table also lists the calculated z-values which have been compared with the critical value z c = ±1.96.
Corrected ground-motion model
Once each station has been classified according to the procedure described above, it is possible to consider a stationdependent model adding an additional term to the model given in equation (4) which becomes
where s is the dummy variable that characterizes the receiver (see table 4 ) and assumes values −1, 0 or 1. The coefficients of equation (6), retrieved through regression analysis of ground-motion peaks, along with the standard error are given in table 5. Comparing the new coefficients with respect to those obtained for the reference model (table 3) , it can be noted that the addition of the term d significantly affects only the a coefficient and, moreover, reduces the standard error σ , both for PGA and PGV. In both cases, we have verified, applying the Akaike Information Criterion (Emolo and Zollo 2005) , that the reduction in the standard error is significant.
In order to check the reliability of our corrected GMPEs (equation (6) with coefficients given in table 5), we compared them with respect to the models proposed by Frisenda et al (2005) (hereinafter, FRI05) and Massa et al (2007) (hereinafter, MAS07) retrieved by using peak data from small earthquakes (magnitude less than 5.1 for FRI05 and 5.2 for MAS07) recorded in Central and Central-Northern Italy, respectively.
The MAS07 model has the same formulation as our GMPE (equation (6)), aside from a site-effect term that fairly corresponds to the station-effect s introduced in this study. Differently, the FRI05 model contains a quadratic dependence on the magnitude (as in equation (2)) that was introduced by the authors to assign a larger weight to the larger-magnitude earthquakes. (2.5, 3.0) . Due to the ISNet completeness threshold, we discarded all the seismic events having a magnitude lower than 1.5. Moreover, we fixed the maximum hypocentral distance at 150 km. The left panels of figures 6 and 7 show the comparison of our GMPEs (represented as black lines) with FRI05 (grey dashed lines) and MAS07 (black dashed lines) models, for PGA and PGV, respectively. In those figures, the GMPEs have been plotted by assuming the central value of each magnitude class as the reference magnitude. In those figures, we compared our corrected GMPEs with respect to the FRI05 and MAS07 models with no site effect. When analysing the comparison results, it should be accounted that the MAS07 model assumes a local magnitude of 2.5 as the lower magnitude limit and then it has been extrapolated for the first magnitude class.
First of all, we note that the three models are characterized by a different attenuation with distance. In particular, concerning PGA, the differences in the trends depend on the distance range that is considered. In fact, the model retrieved in this study is characterized by a larger attenuation for distances less than 10 km while a lower attenuation is observed at larger distances. Those differences could be attributed both to a difference in tectonics of the region where data have been collected, and to the limited number of data at small distances. Moreover, due to the average depth of the earthquakes (about 14 km) analysed, the comparison for hypocentral distances less than 10 km may not be considered significant. When PGVs are considered, the differences are less marked and the three models are much more similar.
As an additional result, the right panels in figures 6 and 7 show the residuals distributions, defined according to equation (5), with respect to our GMPEs (RES1), to the MAS07 model (RES2) and to the FRI05 relationships (RES3). The differences between the three models also affect, of course, the residuals distributions. In particular, it should be noted that, for the magnitude classes containing larger number of data, the model retrieved in this paper provides zero-mean residuals distributions characterized by lower dispersion with respect to the other two models.
Conclusions
In this paper, we have retrieved ground-motion predictive equations (GMPEs) for low-magnitude earthquakes (M L < 3.2) by using a dataset of 123 seismic events recorded at ISNet network, in the Campania-Lucania region in Southern Italy. The retrieved GMPEs, which allow for estimated peak ground acceleration (PGA) and peak ground velocity (PGV), will be specifically used both for ground-shaking map computation and for monitoring purposes.
The main conclusions of this work can be summarized as follows.
• The GMPEs obtained in this study represent a useful tool for ground-shaking map computation in the framework of a research project in collaboration with the Italian Department of Civil Protection and National Institute of Geophysics and Volcanology. They will be also used in future application related to hazard analyses for aftershocks. The range of validity corresponds to local magnitude values between 1.5 and 3.2 and hypocentral distances up to 100 km. • The dataset used in this study did allow us to implement a standard attenuation model. In fact, additional coefficients aimed at accounting for a quadratic magnitude dependence or a linear distance dependence were found to be statistically negligible. Moreover, the c coefficient in equation (6) has been found to be different from −1, indicating that, for the selected low-magnitude earthquakes, PGAs and PGVs are related to seismic phases different from direct body waves and that anelastic attenuation effects have to be studied.
• We have proposed a strategy based on the statistical Ztest, aimed at discriminating those stations of the ISNet network that are affected by some effect different from site effect accounted, at first order, by corrective coefficients based on the QVTM map. We have found that many receivers are characterized by such a station effect.
• The GMPEs retrieved in this study have been compared to FRI05 and MAS07 models which, fundamentally, have the same formulation. For the selected magnitude and distance ranges, our GMPEs show a better fit to observed data, for both PGA and PGV. Figures 6 and 7 enlighten the main differences between the three models. These differences could be attributed both to the inhomogeneity in the earthquake focal mechanism and to different attenuation properties of the tectonic areas where data, on which models are based, have been collected. Both are of relevance when low-magnitude earthquakes are considered. Similar results have been found by Atkinson and Morrison (2009) for small-to-moderate earthquakes in North America.
• As the dataset of earthquakes recorded at the ISNet network will increase, both in terms of earthquakes and in the magnitude range, in the future, starting from the model retrieved in this study, an updated version of the GMPEs for moderate earthquakes could be calibrated following the recipes of this paper.
Appendix. Ground-motion data 
